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Introduction

Mast cells play important roles in inflammation and allergic dis-
ease. In response to antigen-mediated crosslinking, IgE recep-
tors, FcεRI, initiate a complex signaling cascade that results in 
exocytosis of secretory lysosomes and stimulated production of 
numerous cytokines in these cells.1 Previously, our laboratory 
developed a fluorescence assay for trafficking of recycling endo-
somes in RBL mast cells that monitors pH-dependent changes 
in the fluorescence of FITC-CTxB and FITC-anti-transferrin 
receptor mAb, and we showed that antigen stimulates increased 
recycling endosomal trafficking to the plasma membrane.2 This 
trafficking response was found to be largely insensitive to inhibi-
tors of downstream enzymes in secretory lysosomal exocytosis, 
including PI3-kinase and protein kinase C, but was reduced 
by the absence of extracellular Ca2+ and by U73122, an inhibi-
tor of inositol 1,4,5-triphosphate production leading to Ca2+ 
mobilization.3

Recycling endosomes were first identified as a perinuclear 
pool of tubular and vesicular membranes containing transferrin 
receptors.4 This membrane pool is mildly acidic and is distinct 
from the early and sorting endosomes as well as from the Golgi 
complex.5 It has been shown to participate in regulating the 
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directionality of epithelial cell migration6 and the maintenance 
of cell polarity,7,8 as well as in phagocytosis9 and cytokinesis.10 
Furthermore, there is evidence that recycling endosomes play 
roles in various diseases, including enhancement of HIV viral 
particle release11 and influence neuro-degenerative diseases such 
as Alzheimer’s disease.12 Studies have also provided evidence for 
their role in stimulated secretion of cytokines in hematopoietic 
cells.13

In the course of investigating selective inhibition of stimu-
lated recycling endosome trafficking to the plasma membrane, 
we found that certain sphingosine derivatives are particularly 
effective inhibitors of this process in RBL mast cells. This inhibi-
tion correlates with inhibition of stimulated Ca2+ mobilization 
that is important for exocytosis of recycling enodsomes as well 
as secretory lysosomes. Furthermore, this inhibition depends on 
the capacity of sphingosine bases to flip to the inner leaflet of the 
plasma membrane and to mediate electrostatic neutralization of 
polyphosphoinositides at this cytoplasmic interface. These results 
confirm an important role for Ca2+ signaling in stimulation of 
recycling endosomal trafficking, and they provide new insights 
into the mechanism by which both exogenous and endogenous 
sphingosines can regulate stimulated signaling in eukaryotic 
cells.

Mast cell stimulation via IgE receptors causes activation of multiple processes, including Ca2+ mobilization, granule 
exocytosis, and outward trafficking of recycling endosomes to the plasma membrane. We used fluorescein-conjugated 
cholera toxin B (FITC-CTxB) to label GM1 in recycling endsomes and to monitor antigen-stimulated trafficking to the plasma 
membrane in both fluorimeter and imaging-based assays. We find that the sphingosine derivatives D-sphingosine and  
N,N’-dimethylsphingosine effectively inhibit this outward trafficking response, whereas a quarternary ammonium 
derivative, N,N’,N’’-trimethylsphingosine, does not inhibit. This pattern of inhibition is also found for Ca2+ mobilization 
and secretory lysosomal exocytosis, indicating a general effect on Ca2+-dependent signaling processes. This 
inhibition correlates with the capacity of sphingosine derivatives to flip to the inner leaflet of the plasma membrane 
that is manifested as changes in plasma membrane-associated FITC-CTxB fluorescence and cytoplasmic pH. Using a 
fluorescently labeled MARCKS effector domain to monitor plasma membrane-associated polyphosphoinositides, we 
find that these sphingosine derivatives displace the electrostatic binding of this MARCKS effector domain to the plasma 
membrane in parallel with their capacity to inhibit Ca2+-dependent signaling. Our results support roles for plasma 
membrane polyphosphoinositides in Ca2+ signaling and stimulated exocytosis, and they illuminate a mechanism by 
which D-sphingosine regulates signaling responses in mammalian cells.
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change in the cellular distribution of label (Fig. 1B and data 
not shown), indicating that this reflects a change in plasma 
membrane-associated FITC fluorescence. By comparison, addi-
tion of, N,N’,N’’-trimethylsphingosine (TMS), the quaternary 
ammonium derivative, to cells labeled with FITC-CTxB at 37°C 
causes a similar rapid increase in FITC-CTxB fluorescence, but 
this higher level of fluorescence is more sustained over the same 
timescale (Fig. 1C). Under these conditions, none of these sphin-
gosine derivatives cause visible changes in the distributions of 
FITC-CTxB or Alexa488-CTxB (Fig. 1D) at the plasma mem-
brane and the recycling endosomal pool.

In other experiments, we found that cells labeled with pH-
insensitive Alexa488-CTxB showed a similar, transient increase 
fluorescence in response to DMS, suggesting that it represents 
transient relief of self-quenching of the CTxB conjugates at the 
cell surface, rather than a pH-dependent effect on FITC fluores-
cence (data not shown). Furthermore, these sphingosine deriva-
tives do not alter the fluorescence of CTxB conjugates in solution 
or that of FITC-IgE bound to FcεRI at the cell surface (data not 
shown), indicating an effect that depends on the specific protein 
ligand (CTxB) bound to GM

1
 at the cell surface.

These results suggest that the increase in fluorescence observed 
is due to the insertion of the sphingosine compounds into the 
outer leaflet of the plasma membrane, which relieves FITC-CTxB 

Results

Sphingosine derivatives cause transient increases in surface 
FITC-CTxB fluorescence that correlates with insertion and 
flipping in the plasma membrane. In our previous study of 
recycling endosome trafficking, we determined that Ca2+ influx 
is necessary for sustained outward trafficking of recycling endo-
somes in RBL mast cells.2 Ca2+ mobilization during IgE-FcεRI-
mediated signaling involves both release of Ca2+ from stores and 
influx via the store-operated Ca2+ entry (SOCE) channel Orai1/
CRACM1.22,23 It was shown previously that sphingosine deriva-
tives effectively block SOCE,24 so we examined the effects of 
several sphingosine derivatives on outward trafficking of FITC-
CTxB in RBL cells.

In initial experiments, we found that addition of 8 µM 
D-sphingosine or N,N’-dimethylsphingosine (DMS) to cells 
labeled with FITC-CTxB at 37°C caused a rapid increase in 
FITC fluorescence that decayed back to its original intensity 
after ∼10 min (Fig. 1A and data not shown). To determine 
whether this response is due to stimulated outward trafficking 
of CTxB from recycling endosomes, cells were labeled at 4°C 
to confine labeling to the plasma membrane.2 Under these con-
ditions, a similar transient increase in FITC fluorescence was 
observed upon addition of these derivatives, with no detectable 

Figure 1. Sphingosine derivatives cause transient increases in the fluorescence of FITC-CTxB bound to GM1 that correlates with cytoplasmic alkaliniza-
tion. (A–C) RBL-2H3 cells were labeled with FITC-CTxB 37°C or 4°C, and 8 µM DMS or TMS were added as indicated. (D) Confocal equatorial images of 
RBL-2H3 cells labeled with Alexa488-CTxB for 2 hr at 37°C, then treated with 8 µM D-sphingosine (D-spg), DMS or TMS for 10 min prior to fixation and 
imaging. Scale bar = 10 µm. (E) Changes in BCECF fluorescence in labeled RBL-2H3 cells in response to sphingosine derivatives (8 µM) or solvent (0.05% 
v/v DMSO) alone. Data in (A–E) are representative of at least three independent experiments.
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self-quenching at the cell surface. D-sphingosine and DMS in 
Triton X-100 micelles and lipid bilayers have pKa values of 8.5,25 
and 8.8,26 respectively, and thus exist largely as protonated, posi-
tively charged species at pH 7.2, whereas the quarternary amine 
derivative TMS is positively charged at all pH values. Because of 
this charge, the latter derivative has a very low probability of flip-
ping to the inner leaflet of the plasma membrane at any time,27 
whereas this probability is significant for DMS and D-sphingosine, 
which both undergo deprotonation at a small but finite prob-
ability at pH 7.2. Thus, the biphasic nature of the FITC-CTxB 
fluorescence change induced by DMS and D-sphingosine is likely 
due to their insertion, then time-dependent flipping to the inner 
leaflet of the plasma membrane. In this process, the uncharged 
sphingosine species would regain a proton at the inner leaflet as 
dictated by its pKa and the cytoplasmic pH (∼7.4).

To test this hypothesis, we loaded RBL-2H3 cells in sus-
pension with cell permeable BCECF-AM, a fluorescein-based 
pH sensor,18 and monitored BCECF fluorescence during addi-
tion of sphingosine derivatives. As shown in Figure 1E, 8 µM 
D-sphingosine and DMS both caused a time-dependent increase 
in the cytoplasmic pH by 0.2–0.3 pH units that becomes maxi-
mal after 100–200 sec. By comparison, the same concentration of 
TMS caused a much slower increase in BCECF fluorescence that 
was only a little larger than the baseline change in the presence 
of solvent alone. These results indicate that the transient increase 
in FITC-CTxB fluorescence caused by D-sphingosine and DMS 
can be accounted for by their insertion into the plasma membrane, 
followed by their flipping to its inner leaflet upon deprotonation, 
where they become reprotonated and thereby increase the cyto-
plasmic pH. For TMS, the slow decline of FITC-CTxB fluores-
cence following its rapid increase, and the slow, small increase in 
BCECF fluorescence following addition of TMS that are observed  
(Fig. 1C and E) may be due to impurities in this preparation, 
such as small amounts of DMS.

D-sphingosine and DMS inhibit outward trafficking of 
FITC-CTxB-labeled recycling endosomes. As previously 
described, antigen stimulates a rapid increase in FITC fluores-
cence from RBL cells that are sensitized with IgE and labeled 
with FITC-CTxB at 37°C (Fig. 2A, left), and this was shown to 
reflect stimulated outward trafficking of labeled recycling endo-
somes.2 As illustrated in Figure 2A, right, addition of the inhibi-
tor of actin polymerization, cytochalasin D, prior to stimulation 
enhances the magnitude and duration of the stimulated traf-
ficking response.2 Because cytochalasin D provides a stronger, 
more sustained response to antigen, we carried out subsequent 
trafficking experiments under these conditions. To evaluate the 
effects of sphingosine derivatives on stimulated trafficking of 
FITC-CTxB-labeled recycling endosomes, RBL cells sensitized 
with IgE and labeled with FITC-CTxB at 37°C were treated with 
different sphingosine derivatives for 10 min prior to addition of 
cytochalasin D and antigen. The fluorescence baseline was moni-
tored for several minutes subsequent to addition of cytochala-
sin D, and this was extrapolated and subtracted as described in 
Materials and Methods.

As shown in Figure 2B, both D-sphingosine and DMS sub-
stantially reduce the trafficking response to antigen, with some 

Figure 2. D-sphingosine and DMS, but not TMS, inhibit antigen-stimu-
lated FITC-CTxB/GM1 trafficking. (A) RBL cells exhibit outward trafficking 
of FITC-CTxB due to antigen (left) that is enhanced by cytochalasin D 
(Cyto D; right). (B) Representative time courses for stimulated traffick-
ing in the presence or absence of sphingosine derivatives (8 µM) as 
indicated. (C) Summary of the effects of sphingosines on trafficking 
responses integrated for 420 s. Data are averages from four indepen-
dent experiments, +/-SD.

differences in the time courses of these attenuated responses. In 
contrast, TMS does not alter the magnitude or kinetics of the 
stimulated response. Figure 2C compares the integrated responses 
to Ag in the presence and absence of these sphingosine derivates 
as averages of four independent experiments. As indicated, 8 µM 
D-sphingosine or DMS both inhibit this integrated response by 
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∼60%. In other experiments, we found that lower concentrations 
of these derivatives inhibit to lesser extents: 4 µM D-sphingosine 
causes less than half of the inhibition observed at 8 µM  
(data not shown). At concentrations of these derivatives greater 
than 10 µM, some cell lysis is variably detected, as indicated by 
progressive leakage of the Ca2+ indicator, indo-1 (data not shown). 
In subsequent experiments, we compared the effects of these 
sphingosine derivatives at the optimal dose of 8 µM. In other 
experiments, we found that the stereoisomer of D-sphingosine, 
L-sphingosine, inhibits the outward trafficking of FITC-CTxB 
bound to GM

1
 to a similar extent at similar concentrations (data 

not shown), suggesting that stereospecific binding to a target pro-
tein is unlikely to be the mechanism of inhibition.

We subsequently tested the effects of sphingosine derivatives 
on outward trafficking of FITC-CTxB/GM

1
 stimulated by the 

Ca2+ ionophore A23187. A23187 is a mobile carrier of divalent 
cations that increases intracellular Ca2+ levels in the absence of 
inositol 1,4,5-trisphosphate (IP

3
)-dependent antigen-stimulated 

Ca2+ release from intracellular stores, thereby allowing us to 
bypass early signaling steps. In initial experiments we found that 
stimulation with A23187 caused robust outward trafficking, 
even in the absence of cytochalasin D (Fig. 3A). Under these 
conditions, D-sphingosine and DMS substantially inhibit out-
ward trafficking of FITC-CTxB bound to GM

1
, and DMS is 

somewhat more effective than D-sphingosine (Fig. 3A and B). 
The basis for this difference is unclear. Similarly, we found that 
D-sphingosine and DMS inhibit outward trafficking of FITC-
CTxB stimulated by thapsigargin, which stimulates SOCE by 
inhibiting SERCA pumps in the endoplasmic reticulum (ER; 
data not shown). Together, these results indicate that sphingosine 
derivatives inhibit FITC-CTxB trafficking downstream from the 
earliest signaling events stimulated by FcεRI. In fact, no signifi-
cant change in stimulated phosphorylation of FcεRI β and γ sub-
units is detected following addition of the sphingosine derivatives 
tested in this study (data not shown).

To evaluate whether outward trafficking of recycling endo-
somes occurs in adherent RBL mast cells, we developed an imag-
ing method to detect this process. For these experiments, we first 
blocked GM

1
 at the plasma membrane with unlabeled CTxB, 

then stimulated cells in the presence of excess Alexa488-CTxB 
and monitored its binding to newly-trafficked GM

1
 at the plasma 

membrane using an imaging analysis method that we previously 
developed.28 As shown in Figure 4A, A23187 stimulates a signifi-
cant increase in the trafficking of GM

1
 to the plasma membrane 

in adherent RBL cells. Furthermore, D-sphingosine inhibits this 
stimulated outward trafficking of GM

1
 by ∼60% under these 

conditions (Fig. 4B), consistent with results for stimulated traf-
ficking of FITC-CTxB bound to GM

1
 in suspended RBL cells 

(Fig. 3). Thus, GM
1
 outward trafficking is stimulated in adher-

ent RBL cells, indicating that this process is not restricted to 
suspended cells or to CTxB/GM

1
 complexes. Furthermore, these 

results establish an alternative, single cell imaging assay for stim-
ulated outward trafficking of recycling endosomes.

Degranulation of secretory lysosomes is inhibited by sphin-
gosine derivatives. To determine whether sphingosines inhibit 
stimulated release of secretory lysosomes in these cells, we 

Figure 3. Sphingosine derivatives inhibit recycling endosome traffick-
ing triggered by calcium ionophore. (A) Representative time courses 
showing that D-sphingosine and DMS, but not TMS, inhibit calcium 
ionophore-stimulated trafficking of FITC-CTxB/GM1. RBL cells were 
stimulated with 1 µM A23187 in the presence or absence of 8 µM sphin-
gosine derivatives. (B) Summary of inhibitory effects averaging three 
independent experiments, +/-SD.
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recycling endosomes at least in part by inhibiting Ca2+ mobiliza-
tion, which is important for these more downstream exocytotic 
processes. Consistent with this, we find that these derivatives 
similarly inhibit the sustained, influx phase of A23187-mediated 
Ca2+ mobilization and A23187-stimulated degranulation (data 
not shown). These results are accountable by the inhibition of 
store-operated Ca2+ entry by these long chain bases, as this pro-
cess is activated by A23187, as well as by antigen and thapsi-
garin, and is important for stimulated degranulation in mast 
cells.23

carried out degranulation assays with suspended 
RBL-2H3 cells in the presence of cytochalasin D 
to match the conditions used in our FITC-CTxB 
recycling endosome trafficking experiment. As 
shown in Figure 5, both D-sphingosine and 
DMS inhibit degranulation responses similar to 
the extents as they inhibit FITC-CTxB outward 
trafficking. As in the previous trafficking experi-
ments, TMS had little effect on the degranula-
tion response, consistent with its incapacity to 
flip to the inner leaflet of the plasma membrane.

Sphingosine derivatives inhibit Ca2+ mobi-
lization in stimulated RBL mast cells. Because 
DMS and D-sphingosine inhibit both RE traf-
ficking and degranulation responses, it is likely 
that they inhibit a signaling step that is impor-
tant for both. Although Ca2+ mobilization and 
protein kinase C (PKC) activation are important 
for secretory granule exocytosis in these cells,29,30 
inhibition of PKC has little effect on CTxB/
GM

1
 outward trafficking.2 Ca2+ mobilization 

has two well-identified phases in RBL-mediated 
signaling: release from intracellular stores via IP

3
 and IP

3
 recep-

tors on the ER followed by extracellular calcium influx through 
Orai1.31

To evaluate whether sphingosine derivatives affect stimulated 
Ca2+ release from stores as well as influx, we stimulated RBL 
cells in the absence of extracellular Ca2+, then replenished Ca2+ 
after several hundred seconds. In untreated cells, antigen addi-
tion causes a rapid increase in the intracellular Ca2+ concentra-
tion that returns to baseline following store depletion (Fig. 6A). 
When Ca2+ is added back into the extracellular buffer, stimu-
lated Ca2+ influx results in a sustained increase in cytoplasmic 
Ca2+. Addition of D-sphingosine or DMS to unstimulated cells 
causes small and/or transient increases in cytoplasmic Ca2+, and 
subsequent addition of antigen results in reduced stimulated 
release from stores. In four separate experiments with 8 µM  
D-sphingosine, antigen-stimulated Ca2+ release from stores 
was reduced by 85 +/- 19% (SD). Similar to trafficking and 
degranulation responses, treatment with TMS has negligible 
effects on antigen-induced calcium release from stores (Fig. 
5D). Addition of Ca2+ subsequent to antigen for D-sphingosine 
and DMS-treated cells results in smaller responses than with 
antigen alone, whereas the antigen response in TMS-treated 
cells is identical to that of untreated cells (Fig. 5A–D). These 
results indicate that D-sphingosine and DMS inhibit both anti-
gen-stimulated Ca2+ release from stores, as well as stimulated 
Ca2+ influx.

To quantify effects of sphingosine derivatives on Ca2+ 
responses in the presence of extracellular Ca2+, we compared 
time-integrated Ca2+ responses to antigen. As summarized in 
Figure 6E, both D-sphingosine and DMS block much of the 
antigen-stimulated Ca2+ response when compared to either 
untreated cells or those treated with TMS. These results, together 
with others described above, make it likely that D-sphingosine 
and DMS inhibit degranulation and outward trafficking of 

Figure 5. Degranulation responses in RBL-2H3 cells are similarly inhib-
ited by D-sphingosine and DMS, but not TMS. Degranulation measured 
by β-hexosaminidase release following antigen stimulation at concen-
trations indicated in the presence of 2 µM cytochalasin D +/- sphin-
gosine derivatives, expressed as fraction of control (antigen-stimulated) 
cell degranulation. Average of 3 independent experiments, +/-SD.

Figure 4. Live cell imaging of GM1 trafficking to the plasma membrane in response to 
stimulation by calcium ionophore. Dynamics are monitored as mean plasma membrane 
fluorescence of Alexa488-CTxB in the absence (A) or presence (B) of 8 µM D-sphingosine, 
normalized to each pre-stimulation average. Gray bars indicate time of A23187 addition. 
Each condition represents average data for 15–28 individual cells from 4–5 independent 
experiments. Error bars show SEM.
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D-sphingosine and DMS displace the polybasic MARCKS 
effector domain from interactions with polyphosphoinositi-
des at the plasma membrane. To investigate the mechanism by 
which D-sphingosine and DMS inhibit Ca2+ mobilization and 
Ca2+-dependent secretory processes, we utilized the polyba-
sic myristoylated, alanine-rich PKC substrate effector domain 
(MARCKS ED), which is a 25 amino acid sequence containing 
13 basic residues that binds tightly to the plasma membrane via 
interactions with acidic phospholipids.32 Meyer and colleagues 
showed that this association with the inner leaflet of the plasma 
membrane is dependent on interactions with polyphosphoinositi-
des.21 Full-length MARCKS dissociates from the plasma mem-
brane in response to PKC-mediated phosphorylation of three 
serine residues in the effector domain. We mutated these residues 
to alanines to prevent this dissociation and used this MARCKS 
EDSA3 as an inhibitor of polyphosphoinositide accessibility.

As shown in Figure 7A, MARCK EDSA3, tagged with a 
monomeric red fluorescent protein (mRFP), associates preferen-
tially with the plasma membrane, with some additional label in 
the cytoplasm and nucleus to varying extents. Consistent with 
expectations, activation of PKC by 8 nM phorbol 12-myristate 
13-acetate causes dissociation of mRFP-MARCKS ED from the 
plasma membrane but does not induce the dissociation of mRFP-
MARCKS EDSA3 (data not shown). To quantify the partition-
ing of mRFP-MARCKS EDSA3 between the plasma membrane 
and the cytoplasm, we measured the intensity profile of a line 
across individual cells as illustrated in Figure 7A and described 
in Materials and Methods. In six separate experiments in which 
the ratio of plasma membrane to cytoplasmic intensity of mRFP-
MARCKS EDSA3 was quantified in at least 15 cells per sample for 
each experiment, the average value for this ratio in control cells 
is 7.0 +/- 0.9 (SEM).

To establish whether mRFP-MARCKS EDSA3 could be dis-
placed from the plasma membrane by perturbations known to 
alter polyphosphatidylinositide levels, we measured its plasma 
membrane to cytoplasmic fluorescence ratio to evaluate the 
effects of antigen stimulation and pharmacological inhibi-
tors of polyphosphoinositide kinases (Fig. 7). Wortmannin is 
a potent inhibitor of phosphatidylinositol (PI) 3-kinases,33 but 
at a concentration sufficient to completely inhibit this enzyme 
family (200 nM), wortmannin did not induce detectable dis-
sociation of mRFP-MARCKS EDSA3 from the plasma mem-
brane (data not shown). At higher concentrations, wortmannin 
is an effective inhibitor of Type III PI4-kinases,34 with Ki’s of 
∼100 nM. As shown in Figure 7B, treatment of these cells with  
10 µM wortmannin for 10 min at 37°C reduced the asso-
ciation of mRFP-MARCKS EDSA3 with the plasma membrane  

Figure 6. Sphingosine derivatives inhibit release from Ca2+ stores in  
addition to blocking Ca2+ influx. (A–D) RBL cells labeled with indo-1, 
then washed into Ca2+-free buffer, were treated with sphingosine 
derivatives (8 µM), followed by antigen (0.8 µg/ml DNP-BSA) and Ca2+ 
(2 mM) as indicated. Data are representative of 2–4 independent experi-
ments. (E) Summary of indo-1-monitored time-integrated responses 
to antigen in the presence of extracellular Ca2+, with or without 8 µM 
sphingosine derivatives. Data are averages from 4–5 independent 
experiments, +/-SD.
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(data not shown). As shown in Figure 7B, antigen stimulation in 
the presence of 10 µM wortmannin further reduces the associa-
tion of mRFP-MARCKS EDSA3 at the plasma membrane com-
pared to wortmannin alone, consistent with sensitivity of this 
association to PIP

2
 hydrolysis.

We next determined whether sphingosine derivatives can 
displace mRFP-MARCKS EDSA3 from the plasma membrane 
under conditions in which these long chain bases inhibit signal-
ing. As shown in Figure 7B, addition of 8 µM D-sphingosine 
for 10 min at 37°C causes substantial displacement of mRFP-
MARCKS EDSA3 from the plasma membrane, and DMS at 

by ∼30%, suggesting that PI4-P contributes to the binding of 
this probe to the plasma membrane.

Antigen stimulation of PI 4,5-bisphosphate (PIP
2
) hydro-

lysis is expected to reduce the effective concentration of PIP
2
 

at the plasma membrane and thereby reduce the binding of 
MARCKS ED.21,31 However, antigen stimulation of RBL cells 
causes them to ruffle and flatten,35 making it difficult to quantify 
mRFP-MARCKS EDSA3 at the plasma membrane. Wortmannin 
prevents these morphological changes while permitting  
stimulated hydrolysis of PIP

2
, as evidenced by antigen-stimu-

lated, IP
3
-dependent Ca2+ mobilization under these conditions  

Figure 7. Dissociation of mRFP-MARCKS EDSA3 from the plasma membrane due to various treatments. (A) Representative inverted confocal images 
showing mRFP-MARCKS EDSA3-expressing RBL cells in the absence (first (left)) or following treatment with 10 µM wortmannin (WT) and 0.8 µg/ml 
antigen (second), 8 µM DMS (third), or 8 µM TMS (fourth). Lines through cells in each panel illustrate sections chosen for line scan analysis, and profiles 
for these are shown as inserts in each panel. (B) Summary of effects of various treatments on the normalized ratio of mRFP-MARCKS EDSA3 fluorescence 
at the plasma membrane to average cytoplasmic fluorescence determined as described in Materials and Methods. Data represents the average of 3–4 
experiments per sample (>50 cells total per sample), +/-SD.
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to inhibit exocytotic release of insulin and Glut4 expression at 
the plasma membrane of beta cells, and a similar electrostatic 
mechanism of inhibition has been implicated.42

Similar trends are observed for the effects of these derivatives 
on antigen-stimulated Ca2+ responses. These results are consis-
tent with a previous study that demonstrated inhibition of IP

3
- 

and thapsigargin-stimulated Ca2+ release-activated Ca2+ (CRAC) 
channels by D-sphingosine and DMS.24 In a more recent study, 
we showed that these derivatives inhibit store-operated Ca2+ entry 
by interfering with the coupling between the CRAC channel, 
Orai1, and the ER Ca2+ sensor protein, STIM1.20 However, we 
now find that these sphingosine derivatives inhibit antigen-stim-
ulated Ca2+ release from ER stores, indicating an additional effect 
on antigen-stimulated Ca2+ responses at a step that precedes store-
operated Ca2+ entry (Fig. 6). Similar to results for stimulated 
outward trafficking of recycling endosomes and degranulation, 
we find that TMS fails to inhibit both antigen-stimulated Ca2+ 
release from stores and Ca2+ influx, suggesting that the redistribu-
tion of D-sphingosine and DMS to the inner leaflet of the plasma 
membrane are important for their inhibitory effects.

In some previous studies, inhibition of Ca2+ mobilization 
and other signaling processes by DMS was suggested to be due 
to inhibition of the production of sphingosine-1-phosphate by 
sphingosine kinases.43,44 From our present results and those of 
Mathes et al.24 this explanation seems unlikely, as both DMS and 
the substrate for sphingosine-1-kinase, D-sphingosine, similarly 
inhibit Ca2+ mobilization and exocytosis of both recycling endo-
somes and secretory lysosomes. Although more complex mech-
anisms, such as substrate inhibition of sphingosine 1-kinase, 
cannot be excluded,45 the simplest explanation for our results is 
that sphingosine derivatives inhibit antigen-stimulated signal-
ing processes by a different mechanism than interference with 
sphingosine 1-phosphate production. In this regard, Olivera et 
al. showed that knockout of sphingosine kinase 2, which inhibits 
Ca2+ mobilization in mast cells, significantly increases intracellu-
lar levels of D-sphingosine.46 Thus, we suggest that alterations in 
endogenous levels of D-sphingosine may directly modulate Ca2+ 
and other signaling processes.

One mechanism by which basic lipids such as sphingosines 
might alter signaling pathways is electrostatic neutralization of 
acidic lipids. These lipids, including polyphosphatidylinositi-
des, are preferentially localized at the inner leaflet of the plasma 
membrane, and they serve multiple roles in cell signaling.47 PIP

2
, 

for example, serves as a substrate for phospholipase C-mediated 
production of IP

3
 in the initiation of store-operated Ca2+ entry,48 

and it has also been implicated in exocytotic processes via plasma 
membrane targeting of Ca2+-sensing proteins such as synaptotag-
mins.49 As described above, Meyer and colleagues investigated 
the roles of polyphosphoinositides in plasma membrane tar-
geting of various signaling proteins, and they showed that the 
strong association of the polybasic effector domain of the PKC 
substrate MARCKS with the plasma membrane is largely due to 
electrostatic interactions with polyphosphoinositides.21 We took 
advantage of these observations to test whether sphingosines 
can compete for electrostatic interactions between polyphos-
phoinositides at the plasma membrane and mRFP-MARCKS 

the same concentration causes a slightly larger displacement of 
∼50%, similar to that caused by 10 µM wortmannin + antigen. 
In contrast, TMS causes a relatively small reduction (<20%) in 
the plasma membrane to cytoplasmic ratio of mRFP-MARCKS 
EDSA3. This effect may be due in part to impurities in the TMS 
preparation that can flip to the inner leaflet or, alternatively, to 
an increased plasma membrane surface area that is induced when 
TMS partitions into the outer leaflet (Fig. 1).

Taken together, these results provide evidence that sphin-
gosine derivatives that flip from the outer to the inner leaflet of 
the plasma membrane substantially reduce the binding of mRFP-
MARCKS EDSA3 to the plasma membrane. Because of the elec-
trostatic basis for this association, it is likely that the positively 
charged headgroups of D-sphingosine and DMS provide electro-
static neutralization of polyphosphoinositides at the inner leaflet 
of the plasma membrane, thus competing with mRFP-MARCKS 
EDSA3 for binding to these negatively charged phospholipids.

Discussion

The plasma membrane is a dynamic organelle, with continuous 
turnover of lipids and proteins mediated by membrane traffick-
ing and other processes. Recycling endosomes, also know as the 
endosomal recycling compartment, provide a pool of readily 
available membrane components that can be trafficked to the 
cell surface under resting and stimulatory conditions.2,36 The 
small GTPases Rab11 and Arf6 have been identified as regulators 
of recycling endosomes.37-39 Mutation of Rab11 to an inactive 
GTPase inhibits trafficking of transferrin-containing recycling 
endosomes,40 whereas an analogous mutation in Arf6 inhibits 
trafficking of GM

1
, but not transferrin receptors, from recycling 

endosomes to the plasma membrane, suggesting that at least 
two distinct subsets of recycling endosomes participate in these 
processes.41

Although much is now known about the proteins and signal-
ing pathways that regulate trafficking of recycling endosomes, the 
roles of this trafficking in cell physiology are poorly understood 
in most cell types. To begin to investigate these roles in mast 
cells, we characterized the effects of sphingosine derivatives on 
antigen-stimulated outward trafficking of FITC-CTxB-labeled 
recycling endosomes. We found that D-sphingosine and DMS 
are similarly effective inhibitors of this process, and this inhi-
bition correlates with their capacity to flip from the outer leaf-
let of the plasma membrane to its inner leaflet, as monitored by 
both transient relief of FITC-CTxB self-quenching at the plasma 
membrane, and by a time-dependent increase in cytoplasmic pH. 
In contrast to these sphingosines, most TMS remains in the outer 
leaflet of the plasma membrane, as monitored by a more sus-
tained increase in FITC-CTxB fluorescence and a smaller, more 
slowly developing increase in cytoplasmic pH (Fig. 1). Consistent 
with these differences, TMS does not inhibit stimulated out-
ward trafficking of FITC-CTxB-labeled recycling endosomes  
(Figs. 2 and 3). Similarly, D-sphingosine and DMS inhibit 
antigen-stimulated degranulation responses by ∼60% under 
these conditions, whereas TMS inhibits this response to a much 
smaller extent (Fig. 5). Recently, D-sphingosine has been shown 
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pH 7.4, and resuspended in either buffered saline solution (BSS: 
135 mM NaCl, 5 mM KCL, 1.8 mM CaCl

2
, 1 mM MgCl

2
, 5.6 

mM glucose, 1 mg/ml BSA and 20 mM HEPES, pH 7.4) or RBL 
media with 20 mM HEPES.

Cholera toxin B trafficking. For steady state spectrofluorim-
eter experiments, RBL-2H3 cells were harvested and resuspended 
at 4 x 106 cells/ml in RBL media with 20 mM Hepes. FITC-CTxB 
was added to a final concentration of 3 µg/ml and incubated at 
37°C for 2 hours. Cells were washed 2 times and resuspended 
at a final concentration of 2 x 106 cells/ml in BBS, stirred con-
tinuously in an acrylic cuvette and maintained at a temperature 
of 37°C. Fluorescence measurements were made with and SLM 
8000C fluorescence spectrophotometer as previously described.2 
Following additions as indicated in figure legends, cells were stim-
ulated with either 4 µg/ml DNP-BSA in the presence or absence 
of 2 µM cytochalasin D or with 1 µM calcium ionophore A23187, 
and changes in FITC fluorescence were monitored.

For analysis, Excel (Microsoft) software was used. Briefly, 
using recorded pre-stimulation data, the TREND function was 
used to generate a linear baseline prediction that extended over 
the stimulation time course. This baseline was then subtracted 
from the stimulated data and the resulting data were normalized 
for variations in initial fluorescence.

Degranulation. IgE-sensitized RBL-2H3 cells were harvested 
and resuspended in BSS at 2 x 106 cells/ml with 2 µM cyto-
chalasin D. Cells were incubated with sphingosine derivatives for  
5 minutes prior to stimulation. Stimulated cells were incubated 
in a water bath with shaking at 37°C for 1 hr, then placed on 
ice for 10 minutes, and centrifuged for 5 minutes at 900 rpm 
at 4°C as previously described.16 Following centrifugation, 25 µl 
cell supernatants were plated in triplicate in black flat bottomed 
96 well plates (Costar) with 100 µl substrate solution (1.2 mM 
4-methylumbelliferyl-N-acetyl-β-D-glucosaminide in acetate 
buffer (0.12 M acetic acid, pH 4.4) and processed for measure-
ment of β-hexosaminidase activity as previously described.17

Measurement of intracellular pH. RBL cells were harvested 
and resuspended in BSS at 1 x 107 cells/ml and equilibrated to 
37°C. BCECF-AM (3.3. µg/ml) was loaded into cells by incu-
bating for 1–1.5 min, then diluting to 2 x 106 cells/ml and rotat-
ing slowly for 30 min at 37°C. Washed cells were used at a final 
concentration of 1 x 106 cells/ml, and fluorescence was measured 
using SLM 8000C fluorescence spectrophotometer, with excita-
tion at 490 nm and emission at 510 nm. Changes in pH were 
determined using a calibration curve generated by dilution of 
cells into calibration buffer at pH values of 6, 6.5, 7, 7.5 and 8 in 
the presence of 10 µM nigericin.18

Measurement of intracellular Ca2+. Stimulated Ca2+ responses 
were monitored as described previously.15 Briefly, RBL cells were 
loaded with the calcium indicator indo-1 AM, washed, and cal-
cium mobilization in response to stimulation was measured using 
SLM 8000C fluorescence spectrophotometer. Time-integrated 
responses were determined as the area under the stimulated time-
course minus the baseline over 400 s, normalized to the maximal 
response in Triton X-100 lysed cells.19	

Confocal fluorescence microscopy. Cells were labeled with 
Alexa488-CTxB as described for FITC-CTxB above, incubated 

ED that is mutated to prevent its PKC-mediated dissociation. We 
found that both D-sphingosine and DMS substantially reduce 
the plasma membrane-to-cytoplasmic ratio of mRFP-MARCKS 
EDSA3, whereas TMS causes a smaller decrease in this ratio  
(Fig. 7).

Interestingly, wortmannin at a concentration that effec-
tively inhibits PI3-kinases (200 nM) does not significantly 
reduce association of mRFP-MARCKS EDSA3, whereas 10 µM 
wortmannin, which inhibits PI4-P synthesis,34 causes substan-
tial dissociation that is enhanced by antigen, most likely due 
to stimulated PIP

2
 hydrolysis (Fig. 7B). These results suggest 

that PI4-P contributes to the electrostatic association of mRFP-
MARCKS EDSA3 with the plasma membrane, in addition to the 
contribution of PIP

2
. The similar extent of mRFP-MARCKS 

EDSA3 dissociation caused by D-sphingosine and DMS com-
pared to that caused by 10 µM wortmannin and antigen sug-
gests that these sphingosine derivatives effectively compete with 
mRFP-MARCKS EDSA3 for binding to PIP

2
 and PI4-P at the 

plasma membrane.
These results, taken together, indicate that D-sphingosine 

and DMS are effective inhibitors of FcεRI-mediated signaling 
because of their capacity to compete electrostatically with pro-
teins for binding to polyphosphoinositides at the inner leaflet 
of the plasma membrane. However, we cannot exclude roles for 
electrostatic neutralization of other classes of negatively charged 
phospholipids by these sphingosine derivatives for their inhibi-
tory effects on Ca2+ mobilization leading to stimulated exocytosis 
of recycling endosomes and secretory lysosomes. Further studies 
will be necessary to assess more directly the phospholipid speci-
ficity of these inhibitory effects. Nonetheless, our results show 
that electrostatic neutralization of negatively charged phospho-
lipids, including polyphosphoinositides, is likely to be relevant to 
a large number of studies in which sphingosine derivatives have 
been shown to be effective inhibitors of cell signaling.

Materials and Methods

Reagents. FITC-cholera toxin B subunit (FITC-CTxB), 
D-sphingosine, cytochalasin D, 4-methylumbelliferyl-N-acetyl-
β-D-glucosaminide, and nigericin were obtained from Sigma-
Aldrich Chem., Co., (Saint Louis, MO). BCECF-AM, indo-1 
AM, and Alexa488-CTxB were purchased from Invitrogen 
Corp., (Carlsbad, CA). A23187 was from EMD (San Diego, CA). 
N,N’-dimethylsphingosine and N,N’,N’’-trimethylsphingosine 
were purchased from Avanti Polar Lipids (Alabastar, AL). Mouse 
monoclonal anti-dinitrophenyl (DNP) IgE was purified as previ-
ously described.14 Multivalent antigen, DNP-BSA, contained an 
average of 15 DNP groups as previously described.2

Cell culture. RBL-2H3 mast cells were cultured in mini-
mum essential media with 20% fetal bovine serum (Atlanta 
Biologicals) and 10 µg/ml gentamicin sulfate (RBL Media) as 
described previously.15 All tissue culture reagents were obtained 
from Invitrogen unless otherwise noted. For antigen stimulation, 
cells were sensitized with 2–5 fold molar excess of anti-DNP IgE 
for 2–24 hr prior to experiments. Confluent cells were harvested 
with 135 mM NaCl, 5 mM KCl, 20 mM Hepes, 1.5 mM EDTA, 
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